The isolating nature of freshwater systems may lead to expectations of substantial genetic subdivision among populations of obligate freshwater species. We examined the genetic structure of populations of the freshwater ®sh Hypseleotris compressa (Gobiidae) using allozyme and mtDNA markers. Fifteen east coast Queensland populations and one Northern Territory population were sampled to examine levels of dierentiation within and between drainages at near, medium and broad scales. Initial allozyme data suggested high levels of gene¯ow and connectivity among populations at broad spatial scales. However there was no signi®cant relationship between geographical distance and gene¯ow among east coast populations which may indicate, among other possibilities, that these populations are not at equilibrium between gene¯ow and genetic drift. Analyses of a 567-bp fragment of the ATPase6 mtDNA gene revealed a star-shaped phylogeny, with many singleton, recently derived haplotypes. Tajima's test of neutrality was signi®cantly negative. The allozyme and mtDNA data may be indicative of an historical demographic change that was re¯ected in the nonequilibrium pattern exhibited by contemporary populations. As estimating current levels of gene¯ow would violate basic assumptions of underlying models, approximations were not made. Nevertheless, patterns of genetic variation among populations of H. compressa do not match traditional expectations for a freshwater ®sh, and it would appear that there has been at least historical connectivity between populations now inhabiting dierent drainages.
Introduction
Freshwater ®shes tend to exhibit higher levels of genetic dierentiation and subdivision among populations than those inhabiting estuarine or marine environments (Gyllensten, 1985; Ward et al., 1994) . The dierences in the distribution of genetic variability between freshwater and marine ®sh have been attributed to dierences in population sizes and to geographical barriers among freshwater localities, which isolate populations (Gyllensten, 1985; Ward et al., 1994) . However, even in the marine environment examples of extreme dierentiation have been discovered (e.g. Doherty et al., 1994; Burton, 1998) . Estuaries and islands also appear to act as foci for divergence in many marine species (e.g. Watts, 1991; Johnson & Black, 1998) .
Few genetic studies have examined the population structure of Australian freshwater ®sh that inhabit lowland coastal streams; most have concentrated on examining populations inhabiting inland drainages or those that are separated by barriers such as ranges (e.g. Musyl & Keenan, 1992 , 1996 or escarpments (Watts et al., 1995) . A recent study of genetic variation among populations of the¯y-specked hardyhead Craterocephalus stercusmuscarum in north Queensland found that gene¯ow was restricted, even between adjacent lowland drainages (McGlashan & Hughes, 2000) . In the oxleyean pygmy perch Nannoperca oxleyana high levels of dierentiation were also found among most lowland populations, although high genetic similarities between some populations from separate drainages may have been a result of a shared con¯uence at times of lower sea levels (Hughes et al., 1999) . Estuarine species generally exhibit less dierentiation and often demonstrate patterns of isolation by distance, implying greater dispersal among nearby compared to distant estuaries (e.g. Chenoweth et al., 1998a; Jerry & Baverstock, 1998) . Genetic dierentiation among populations of marine species along the east coast of Australia is generally lower than in either estuarine or freshwater species, which implies that gene¯ow is more extensive (e.g. Doherty et al., 1995; Begg et al., 1998) . However, historical isolation followed by secondary contact or recolonization associated with Pleistocene sea level changes have in¯uenced patterns of genetic variation among populations of some marine species (e.g. Keenan, 1994; Chenoweth et al., 1998b) .
A generally accepted model is that freshwater ®sh display high levels of genetic dierentiation among populations from dierent drainages. We were interested in examining if this model was supported in a species which has the dispersal potential that may overcome the isolation imposed by drainage structure. According to available life history data, the empire gudgeon Hypseleotris compressa (Kret) (Gobiidae: Eleotridinae) is a good test organism. Fecundity is high (40 000) and egg diameter is small (0.3 mm), although the eggs are demersal and adherent (Auty, 1978) . Newly hatched larvae are able to swim actively, but are poorly developed (Auty, 1978) . Hypseleotris compressa has a widespread distribution across northern Australia from mid-Western Australia to southern New South Wales, and is also found in the southern drainages of New Guinea (Allen, 1989) . Eleotrids may have a recent marine ancestry, like many of Australia's freshwater ®sh (Allen, 1989) .
The level of connectivity of populations among drainages is largely unknown, but may be high within rivers. For example, schools of juveniles are often found in estuaries (Larson & Hoese, 1996) and anecdotal reports suggest that large numbers migrate upstream after rain (Herbert et al., 1995) . Adults are generally found in downstream areas near river mouths, although they do penetrate far upstream (Pusey and Kennard, unpublished data and personal observation). Tolerance to elevated salinities is implied by the fact that H. compressa have been captured from intermittent tidal swamps (Robertson & Blaber, 1992) . There are three scenarios which may describe the levels of gene¯ow among populations of H. compressa: (i) gene¯ow among drainages has been negligible for long periods resulting in genetic dierentiation among drainages;
(ii) there has been some gene¯ow among drainages facilitated by marine routes such as via fresh water plumes, but is limited at larger scales (isolation by distance); or (iii) there is, or has been, extensive genē ow resulting in little genetic dierentiation among drainages and no phylogeographic structure. An ideal way to test this is with allozyme electrophoresis and mitochondrial DNA techniques, demonstrated to be extremely useful in assessing population structure, levels of connectivity and in¯uence of historical processes (see Avise, 1994) . We used these techniques to examine patterns of genetic variation among populations of H. compressa from a large section of their range.
Methods and materials

Sampling
Sampling followed an hierarchical design to assess genetic variation within and among drainages. Five sites within the Mulgrave-Russell River and three sites within the Johnstone River were analysed to obtain an estimate of allozyme variation among populations within a drainage (Fig. 1) . To assess allozyme variation among drainages, samples of H. compressa from an additional seven drainages were collected along the Queensland coast, and one sample from the Northern Territory (Fig. 1) . In total we analysed 571 ®sh from 16 sites and 10 drainages, which were collected between May 1996 and October 1998 (Table 1) . To assess mtDNA variation, three randomly chosen individuals were sequenced from each of the 10 drainages. When there were multiple sites within a drainage, ®sh were randomly selected from one of the sites of that drainage. Fish were captured, preserved and stored following protocols described in McGlashan & Hughes (2000) . However, the Northern Territory population was transported on dry ice ()48°C) and then transferred to a )70°C freezer.
Allozyme electrophoresis
Samples were prepared and stained following the protocols of McGlashan & Hughes (2000) . Eighteen enzyme systems (see McGlashan & Hughes, 2000) were screened to detect polymorphic loci, of which six loci encoded by four enzyme systems were reliably polymorphic. They were aspartate aminotransferase (EC 2.6.1.1; AAT-1*, AAT-2* loci), glucosephosphate isomerase (EC 5.3.1.9; GPI-1*, GPI-2* loci), phosphoglucomutase (EC 5.4.2.2; PGM* locus), and tripeptide aminopeptidase (EC 3.4.-.-; PEPLGG* locus) using leu-gly-gly as the substrate. Nomenclature for enzymes and loci were described in McGlashan & Hughes (2000) .
mtDNA techniques
Total genomic DNA was extracted following the protocols described in McGlashan & Hughes (2000) . The ATP synthase six gene was used to infer intraspeci®c phylogenies of H. compressa. This fragment has been shown to be useful in other studies of freshwater ®sh as it has a moderate to high divergence rate (Bermingham et al., 1997) . Three ®sh collected over a wide geographical area were PCR ampli®ed with the primers ATP8.2L and COIII.2 (E. Bermingham, personal communication. See web address http://nmg.si.edu/bermlab.htm for primer details). Ampli®cation and PCR product puri®-cation procedures of the present study followed the protocols of McGlashan & Hughes (2000) . Sequences resulting from ampli®cation with ATP8.2 and COIII.2 were used to design an internal primer HCATP6L (5¢-AGC CCA CTC CTT CCC TAA CGA GC-3¢) which, in conjunction with COIII.2, was utilized in further PCR reactions. PCR thermocycling conditions were: ATP8.2-COIII.2 94°C 30 s, 51°C 30 s, 68°C 45 s, 35 cycles, 68°C 7 min; HCATP6L and COIII.2 94°C 30 s, 55°C 30 s, 68°C 45 s, 35 cycles, 68°C 7 min. Sequencing reactions were undertaken via cycle-sequencing (Perkin Elmer, BigDye terminator, 3.2 pmol primer, 5±20 ng DNA) using a new primer HC2L (5¢-TAC TTA GGA ATC CCA CTA ATT GC-3¢) as the sequencing primer and sequenced using an Applied Biosystems 377 automated sequencer. Primer HC2L was designed internally to HCATP6L, resulting in improved ®nal sequences. Each individual was then sequenced using heavy strand primer HCH (5¢-TAC TAT GTG AAA TGC GTG TG-3¢) designed from the light strand primer sequences. Multiple sequences of at least three individuals were also gathered to ensure the reliability and accuracy of sequencing. SEQED SEQED (ABI) was used to edit and align sequences, of which a 567-bp fragment was chosen for further analysis.
Statistical analysis
Exact p-tests were performed to test for departure from Hardy±Weinberg equilibrium using GENEPOP GENEPOP (Raymond & Rousset, 1995a) for each locus/site comparison. The Bonferroni correction (Rice, 1989) was used to correct for multiple simultaneous tests.
Allozyme allele frequencies, Wright's (1978) hierarchical F-statistics and Rogers's (1972) genetic distance were estimated using BIOSYS BIOSYS-1 (Swoord & Selander, 1989) . Hierarchical F-statistics (Wright, 1978) were used to assess the variation within and among drainages. There were two levels to the hierarchical analysis that partitioned the variation among samples: among sites within a drainage (F SD ) and among drainages relative to the total (F DT ). Exact tests of dierentiation (Raymond & Rousset, 1995b) were then performed among populations within the Johnstone drainage, within the Mulgrave-Russell drainage, and among all drainages (after pooling multiple sites within a drainage) using GENEPOP GENEPOP (Raymond & Rousset, 1995a) . The standard error of allele frequencies was calculated for the most common allele as SE Ö[p(1 ) p)/2N] where p is the allele frequency and N is the sample size.
We examined how much of the observed allozyme variation among drainages was due to geographical separation following Slatkin (1993 (Belbin, 1995) . Ordinary least squares regression was used to estimate the slope and intercept of the line of best ®t.
Pairwise nucleotide divergences among haplotypes were generated assuming the Tamura & Nei (1993) model of substitution and rate heterogeneity. The gamma distribution parameter alpha was estimated from the data set using the PUZZLE PUZZLE (Strimmer & von Haeseler, 1996) program. A mid-point rooted neighbour-joining tree (Saitou & Nei, 1987) Tajima, 1989) , which tests the conformity of DNA sequence evolution to neutrality, was performed using DNA NASP (Rozas & Rozas, 1999) on sequences from east coast sites. We pooled these sequences to form one`population', because the unbiased Tajima, 1989) can be informative about the eects of selective events on the patterns of mtDNA variation, but also about 1 historical demographic events on a sample of sequences (Rand, 1996) . The basis of the test is that under neutrality, gene diversity, as measured by the mean number of dierences between sequences in the sample (p), should equal the gene diversity as measured by the number of segregating sites in the sample (h).
Results
Allozyme electrophoresis
Sixteen sites were screened for allozyme variation at six polymorphic loci. Consequently, in tests of conformity to Hardy±Weinberg proportions, there were 96 possible combinations of sites and loci of which 81 were polymorphic. No tests were signi®cant at the adjusted level of signi®cance (a 0.05/81) after the 2 Bonferroni correction.
Hierarchical analyses of the allozyme data reveal that the great majority of the variation is distributed within sites (98.6%) ( Table 2 ). The variation among sites (1.4%) was distributed as a function of the variation among sites within a drainage rather than among drainages (Table 2) . Exact tests of genic dierentiation showed that there was no signi®cant variation in allele frequencies among the three Johnstone River sites (v 2 9.3, d.f. 12, P 0.68) or among Mulgrave-Russell sites (v 2 19.4, d.f. 12, P 0.08). However, when all sites within a drainage were pooled there was signi®cant heterogeneity among drainages over all loci (v 2 61.4, d.f. 12, P < 0.001), mainly due to variation at the GPI-2*, AAT-1*, PGM* and PEPLGG* loci. Allele frequency plots demonstrate graphically that there was as much variation in frequency of the most common allele at each locus among sites in north Queensland within the latitude 17°S to 18°S as there was from 12°S (Northern Territory) to 24°S (southern Queensland) (Fig. 2) .
Many uncommon alleles were often widespread. For example, the GPI-2*1 allele was found in north and south Queensland as well as in Northern Territory populations (Appendix). The two most distant sites, CAL and HWS, shared uncommon alleles at each of the six loci. There were only two private alleles (those found at only one location): AAT-1*2 in the HWS (Northern Territory) and PGM*4 at PYC (Appendix). However, the restricted distribution of these alleles may be attributed to sampling error due to the combination of frequency of the alleles and the sample sizes gathered in the present study. When all populations of the present study were considered, there were signi®cant associations between log M and log coastal distance (P < 0.001, r 2 0.228, y 1.65 ) 0.22x). However, when only Queensland east coastal sites were considered there was no signi®cant relationship (P > 0.05, r 2 0.020).
mtDNA sequencing
Sequencing of a 567-bp fragment of the ATPase6 mitochondrial gene revealed a high number of haplotypes (18) among the 30 individuals from 10 drainages (haplotype sequences submitted to Genbank, Accession Numbers AF227168±AF227185). There were 37 variable sites, of which four changes were ®rst position (10.8%), none were second position and 33 were third position (89.2%). The average nucleotide diversity among all unique haplotypes (SD) was 0.009 (0.005). A mid-point rooted neighbour-joining tree of unique haplotypes revealed a bushy tree conforming to a star shaped phylogeny (Fig. 3) . The relationships among haplotypes were poorly resolved, although there were some relatively divergent haplotypes (e.g. haplotypes E, F, G, H) (Fig. 3) . Some haplotypes were widespread (e.g. haplotypes A and C, Table 3 ). Nevertheless, 14 of the 18 haplotypes occurred only once among the 30 individuals sequenced (Table 3) . As mentioned above, a contingency test for dierentiation in haplotype frequencies among east coast sites was not signi®cant (P 0.48), although samples sizes were small, which would reduce the power of the test.
Tajima's D-test of neutrality of sequence evolution revealed a signi®cant negative value for the 27 sequences from the nine east coastal drainages (D )2.19, P < 0.01). This result implies that there were more rare nucleotide site variants than would be expected under a neutral model of evolution (Rand, 1996) .
Discussion
Obligate freshwater ®sh are expected to display greater levels of genetic dierentiation and population subdivision than marine species due to the isolating nature of river systems and small eective population sizes (e.g. Ward et al., 1994) . In the present study, allozyme and mtDNA data reveal that the levels of genetic dierentiation among populations of H. compressa, both within and between drainages, were not consistent with these expectations. Although the data suggest that populations of H. compressa are not panmictic, the low F ST estimates suggest that some gene¯ow among drainages may occur. Hierarchical F-statistics reveal that there is little dierentiation among populations in dierent drainages after taking account of the variation within drainages: the dierentiation that exists is not partitioned by geography ( Table 2 ). The occurrence of uncommon alleles at either extreme of the sampling range reinforces this notion.
In a scenario in which populations are highly connected, one would expect an isolation by distance eect if the dispersal distance of an individual is less than the range of the species (or the sampling eort) Fig. 3 Mid-point rooted neighbour joining tree (Saitou & Nei, 1987) showing phylogenetic relationships of 18 mtDNA haplotypes (A±R) of Hypseleotris compressa. The Tamura & Nei (1993) model of sequence evolution was assumed, with empirically derived gamma distribution alpha parameter of 97. Values at nodes represent bootstrap con®dence levels (1000 replicates) if greater than 50. (Slatkin, 1993) . The present study revealed con¯icting relationships between geographical distance and allozyme genetic dierentiation, depending on the scale of the comparison. When the population from the Northern Territory (HWS) was included in the analysis, a signi®cant result was obtained; however, when site HWS was omitted from subsequent analyses, there was no apparent relationship. It may be that distance is an important factor in determining the amount of dierentiation between eastern and northern Australian populations of H. compressa, although the signi®cant association could also be due to a barrier which historically isolated these populations. Because there were no intermediate samples collected between HWS and STW, it is impossible to distinguish between the two scenarios (see, e.g. Stewart et al., 1999) .
There are a number of possible explanations as to why there was no relationship between distance and genetic dierentiation among east coast populations. First, natural selection cannot be dismissed as a mechanism for homogenizing allele frequencies among sites via balancing selection. Second, the lack of isolation by distance coupled with the low F ST estimates may imply that there are sucient rare episodes of long-distance dispersal among H. compressa populations to disrupt the formation of an isolation by distance relationship. The mtDNA data revealed a shallow, poorly resolved network, consistent with Avise et al. 's (1987) type II phylogeographic hypothesis that describes a species with a life history conducive to dispersal that also occupies a range free of barriers to gene¯ow. However, drainages theoretically isolate populations, and such extensive connectivity over such a large range would be unusual for a freshwater ®sh. Another possible explanation for the lack of an isolation by distance relationship among east coast populations of H. compressa might be that they have undergone a demographic change such as a bottleneck or expansion, or both, with insucient time subsequently for a migration±drift equilibrium to be established.
Patterns of mtDNA variation revealed high allelic diversity, but mostly low sequence divergences (mean nucleotide divergence among unique haplotypes 0.009 0.005). The signi®cant negative Tajima's D among individuals from east coast sites was probably due to the large number of rare nucleotide site variants. These data are consistent with an historical demographic perturbation. Changes in drainage structure in response to eustatic changes may well have led to considerable demographic changes to H. compressa in the past. Sea level changes in the Pleistocene were dramatic and undoubtedly aected the lowland river habitat presently utilized by H. compressa. There have been two major increases in sea level, approximately 15 000 and 130 000 years ago (Chappell, 1983) , which would have separated once contiguous drainages and Total  3  3  3  3  3  3  3  3  3  3  30 shortened the resulting river systems, presumably decreasing the amount of available habitat and possibly decreasing population sizes of H. compressa. There may have been opportunities for expansion during the times of lower sea levels between the maxima when systems were again more extensive. Further sampling of mtDNA variation of H. compressa may be helpful in re®ning conclusions about historical demography in this species. Whatever the equilibrium state of the sampled populations of H. compressa, we can still deduce characteristics of its life history and dispersal ability from the genetic data. H. compressa does not appear to be a freshwater ®sh in the classic sense. Many examples in the literature reveal that populations isolated by drainages evolve in isolation, and thus independently (see, e.g. Ward et al., 1994) . They display marked gene frequency shifts, extreme sorting of alleles and low within-population variability, and populations in dierent drainages often have dierent`assemblages' of alleles (e.g. McGlashan & Hughes, 2000) . Marine populations are more open and therefore have greater levels of connectedness, often sharing both common and uncommon alleles, and have lower gene frequency dierences and higher withinpopulation variability. Populations inhabiting estuaries are often qualitatively midway between those inhabiting freshwater or marine habitats (e.g. Keenan, 1994; Jerry & Baverstock, 1998) . The data of the present study are more consistent with an estuarine or even marine species than one inhabiting freshwater. It may be that there are one or more stages in the life history of H. compressa that are, or may recently have been, highly vagile, connecting populations in dierent drainages and at relatively large geographical scales. If the populations sampled in the present study are not in migration±drift equilibrium, then it is dicult to make any conclusions about the extent of present day gene¯ow. However, the low levels of genetic subdivision among populations indicated by the allozyme data, the widespread occurrence of some mtDNA haplotypes and the low levels of divergence among other widespread mtDNA haplotypes imply that geographically distant sites have been connected in the past.
There is a de®ciency of quantitative information regarding the extent of movement of any life history stage for any hypseleotrid. Juveniles have been reported to migrate en masse from estuarine areas to upstream habitats (Herbert et al., 1995) , which is consistent with the genetic data that suggest populations within some drainages are connected. However, this does not explain any of the among-drainage variation, such as that between the Northern Territory and east coast populations. The extent of movement in larval and adult stages is unknown, and without further research into hypseleotrid biology and dispersal patterns and rates, identifying which life history stage or stages contribute most to connectivity among drainages is dicult. Recent data reported on the evolutionary genetics of several Hawaiian freshwater gobies may be an informative comparison (Zink et al., 1996; Chubb et al., 1998) . It was revealed that the common, but probably independently derived characteristic of amphidromous larvae facilitated genē ow among island populations, there being little phylogeographic signal and no evidence of genetic subdivision. It may be that H. compressa, also a gobiid ®sh, has a dispersive marine larval phase.
Given the hypothesized recent marine ancestry of H. compressa (Allen, 1989 ) and the genetic evidence of some demographic shift in the recent past, future work may ®nd it useful to explore the history of the freshwater invasion by the hypseleotrid group. Further studies on the macroevolutionary relationships among the widespread genus Hypseleotris may help to reveal if there have been several repeated invasions within the hypseleotrid group, or if freshwater tolerance of all species derived from a single event. Recently, Lee (1999) has explored the phylogenetic and physiological relationships among populations of a euryhaline copepod and found evidence for several repeated invasions across the range of the species. There is thus great potential for further work on Australia's freshwater species, and in conjunction with comparative studies involving representatives from independent lineages, we may gain a greater understanding of the contemporary dynamics and evolutionary history of Australia's freshwater species.
The appendix gives allele frequencies for six polymorphic loci, sample sizes (n) and observed heterozygosity (H o ) for populations of H. compressa of the present study. Site abbreviations are as in Table 1 
